Rhodamine 101 (R101) was chemically attached onto microcrystalline cellulose and methylene blue (MB) was adsorbed to a sample bearing nearby 6 · 10 )7 mol R101 (g cellulose) )1
. The system was studied by reflectance and emission spectroscopy in the solid state. R101 shows no aggregation in these conditions and, while pure MB builds up dimers on cellulose even at 2 · 10 )8 mol g
)1
, in the presence of R101 no evidence on selfaggregation or heteroaggregation is found up to around 10 )6 mol g )1
.
No exciplex formation is found as well. The overall fluorescence quantum yield measured on thick layers, once re-absorption effects are accounted for, amounts to 0.80 ± 0.07 for pure R101 and decreases steadily on increasing the concentration of MB. Results demonstrate the occurrence of radiative and nonradiative singlet energy transfer from R101 to MB. For thick layers of particles, the combined effect of both kinds of energy transfer amounts to nearly 80% at the highest acceptor concentration, while nonradiative transfer reaches 60% both for thin and optically thick layers. The dependence of nonradiative energy transfer efficiencies on the acceptor concentration is analyzed and the origin of departures from Fo¨rster behavior at low acceptor concentration is discussed.
INTRODUCTION
The photophysics and photochemistry of dyes in constrained environments has received great attention during the last decades, as the existence of well-known reviews and compilation articles demonstrates (1) (2) (3) (4) . This broad field comprises, among others, studies in micelles and liposomes (1), dendrimers (5, 6) , polymers (7) and caging substrates in solution (8) and in the solid state (9) . Zeolites and other caging substrates were used as microreactors for selective and specific photochemical processes (10, 11) . Dye modified semiconductors have also been considered with the aim of producing visible light driven solar cells (12) and photocatalysts (4) .
Bulk materials loaded with dyes have been comparatively less studied, mainly because light scattering is a complicating factor for micrometer or submicrometer size particles. A qualitative sprung in the field has been produced with the development of diffuse reflectance flash photolysis by Wilkinson and coworkers (13) , through which the time-resolved analysis of excited states and transients has been greatly improved. Further advancement in this field has been made by Vieira Ferreira and coworkers (14) . Determination of excited state quantum yields in light scattering materials is another issue comparatively less covered in the literature and is restricted for the moment to fluorescence (15) (16) (17) (18) , though in a recent work (19) , singlet molecular oxygen quantum yield determination in membranes has been addressed.
Our research group has been involved during the last years with particulate solid materials. As a result, the problem of fluorescence re-absorption in light scattering solids has been addressed (20) and a reliable method for the determination of absolute fluorescence quantum yields and true reflectances for strongly fluorescent materials has been developed (21) . Another paper on the determination of fluorescence quantum yields, based on practically the same arguments, has been issued later by Vieira Ferreira et al. (22) . More recently, the quantitative determination of singlet-singlet energy transfer efficiencies has been undertaken by us, extending the conceptual ideas of our previous work to systems composed by two adsorbed dyes (23) . It was demonstrated through this work that quite high energy transfer efficiencies (radiative and nonradiative) can be achieved in disordered systems.
Light scattering materials, though generally more difficult to study than homogeneous solutions, provide a way to minimize the effect of system geometry on the collection of emission when inner filter effects are important (24) . Nearly ideal scattering materials can be studied conveniently in front face without the complication of angle-sensitive detection. Short range triplet-triplet energy transfer on particulate solids has been addressed by Turro et al. (25) and by Wilkinson et al. (26) . Energy-transfer efficiencies from benzophenone to an oxazine dye on cellulose were quantitatively calculated in the latter case as a function of the oxazine concentration following the quenching of the donor phosphorescence and the production of the triplet acceptor. To the best of our knowledge, however, the quantitative study of singlet-singlet energy transfer in light scattering solids has been largely disregarded in the literature. This kind of energy transfer has been addressed for dye loaded zeolites by Calzaferri and coworkers (27) but, as their studies were carried out in suspension, no calculation of quantum yields could be performed.
Singlet-singlet excitation energy transfer and migration are common features in systems composed by highly concentrated dyes and it was extensively studied from a theoretical point of view in disordered media, not only in two component systems (see [28] [29] [30] ) but also in one component system where aggregates or quasi-aggregates can act as excitation energy traps (see [31, 32] ).
In this work, we present quantitative calculations of fluorescence quantum yields and energy-transfer efficiencies in a system composed by rhodamine 101 (R101) chemically attached to microcrystalline cellulose particles, to which methylene blue (MB) has been deposited, and discuss in detail the singlet state photophysics involved. R101 is a strongly fluorescent dye, whose emission overlaps with the absorption of MB, a well-known singlet molecular oxygen photosensitizer. Thereby, a collateral objective of our work is to contribute to the development of efficient heterogeneous singlet molecular oxygen photosensitizers capable of absorbing a substantial fraction of the visible spectrum at relatively high dye local concentrations to assure high absorption.
In a previous work, we demonstrate that R101, which is a well-known fluorescence standard in solution, undergoes nonradiative decay when adsorbed onto microcrystalline cellulose (see [22] ), though it does not show any visible aggregation. This behavior is also obtained at very low local concentrations and depends on the penetration of the dye into the polymeric matrix (33) . In the present study, we decided to attach R101 in order to verify if chemical linkage has any effect on the fluorescence quantum yield.
MATERIALS AND METHODS
Chemicals and preparation of samples. Rhodamine 101 inner salt (R101, laser grade) from Kodak (New York, NY) and MB (analytical grade) from Industria Quı´mica Bonaerense (Buenos Aires, Argentina) were used without further purification. Dye purity was checked by absorption spectroscopy. Microcrystalline cellulose powder (pH 5-7, average particle size 20 lm) from Aldrich (Milwaukee, WI) was dried in a vacuum oven at 40°C for 48 h before preparing the samples. Pyridine (analytical grade) from Merck (Buenos Aires, Argentina) was used as the reaction solvent for the heterogeneous esterification of R101 carboxyl groups to the hydroxyls of cellulose. Dicyclohexylcarbodiimide (DCC) from Sigma (Steinheim, Germany) was used as in situ activator. Hydrochloric acid (analytical grade) was from Anedra (Buenos Aires, Argentina), ethanol (analytical grade) from Cicarelli (Buenos Aires, Argentina) and dimethylformamide (DMF, analytical grade) was from Sintorgan (Buenos Aires, Argentina). Granular calcium chloride from Merck was used as a moisture trap. All reagents and solvents were used without further purification.
Chemical linkage was performed as follows. To a 100 cm 3 flask fitted with a magnetic stirrer and a CaCl 2 moisture trap, 50 cm 3 of pyridine, one drop of HCl, 15 mg (3 · 10 )5 mol) of R101 and different amounts of DCC previously dissolved in 2 cm 3 of DMF, were added. The solution was stirred during 1 h and subsequently 3 g of dry cellulose were added, stirring the suspension during 24 h. Solid samples were filtered through paper (black ribbon) from Schleicher & Schuell (Dassel, Germany) and washed with ethanol. In order to eliminate adsorbed R101 and dicyclohexylurea, a side product, the solid was stirred with 75 cm 3 ethanol during 1 h and filtered as before. The washing procedure was repeated until no R101 was spectroscopically detected in the filtrate. From 5 to 7 washings were required. The whole process was carried out under air at room temperature. Solid samples, which were pale red to fuchsia, were dried in a rotary evaporator and held at 40°C in a vacuum oven during 48-72 h. To . All samples were dried in the same way before performing measurements.
For the purpose of comparison, detachment experiments were carried out on samples containing attached and adsorbed R101. Samples containing adsorbed R101 were prepared by the method described above for the adsorption of MB. For that sake, 1 g of the sample was suspended in 50 cm 3 pure ethanol and in 0.1 M HCl or 0.1 M NaOH ethanol solutions, stirring at room temperature and 50°C during 1-5 h. The suspension was filtered and the solid was washed with fresh ethanol and dried. Spectroscopic analyses were carried out on the dry solid and the filtrate.
Reflectance and emission measurements. Total and diffuse reflectance spectra of optically thick solid layers (3 mm thickness) were obtained on a Shimadzu UV-3101 (Kyoto, Japan) scanning spectrophotometer equipped with an integrating sphere. Barium sulfate was used as the reflectance standard. On measuring highly fluorescent samples, emission reaches the detector distorting reflectance spectra. In order to obtain true reflectance spectra, the procedure reported in Ref. (21) was used for R101 samples. For that sake, reflectance spectra were obtained with and without a 1 mm thickness optical filter Schott BG39 (Mainz, Germany) placed before the detector, which absorbs a substantial fraction of the fluorescence. The same procedure allows the determination of absolute fluorescence quantum yields. Remission function spectra were calculated on grounds of true diffuse reflectances, R, as F(R) = (1 ) R) 2 ⁄ 2R. Remission function spectra of R101-MB samples were calculated in different ways according to the wavelength interval. From 400 to 615 nm, where R101 is excited, the method indicated before (21) was used. From 625 to 800 nm only MB is excited and, as its fluorescence quantum yield, F F = 0.18 ± 0.03 (23), is small and therefore no correction is needed, standard diffuse reflectance measurements were performed. Spectra taken with a suitable fluorescence blocking filter did not show any significant differences. The region between 615 and 625 nm was interpolated.
Steady-state emission spectra of thin and optically thick layers of samples were recorded on a PTI model QM-1 spectrofluorometer (London, Ontario, Canada). Thin layers were prepared spreading a small amount of particles on a double-sided sticky tape fixed on a glass plate. Samples were measured in front face placing a 2 mm thickness optical filter Schott OG550 before the detector to block excitation light. Spectra were corrected according to the dependence of the detector responsivity with wavelength. True fluorescence spectra and quantum yields were calculated as in (20, 34) .
Remission function and emission spectra of R101 attached to cellulose were compared with those of R101 adsorbed on the same support and to solution spectra to estimate the concentration of the dye, which, according to the preparation method, is unknown.
Calculation of energy-transfer efficiencies. The model described in Ref. (23) can be used to account for energy-transfer efficiencies between a donor D and an acceptor A. According to this model, for an optically thick powdered solid the observed overall fluorescence quantum yield, provided that only the donor is excited and no back energy transfer takes place, is given by
where
In the above expressions e DA is the probability that donor excitation energy is nonradiatively transferred to the acceptor and a 0D is the fraction of the absorbed flux exciting donor molecules, calculated from the known remission function values. Consequently, F D (1 ) e DA ) is the donor fluorescence quantum yield corrected for nonradiative energy transfer (NRET). Energy migration (D-D and A-A) is not explicitly included into the expressions for p DD and p AA , as it does not change donor or acceptor populations. The factors P ij and Q i are given by
where f i (k) is the fluorescence spectrum of species i normalized to unit area and
are the fractions of the absorbed flux exciting each species i and the probability that an emitted photon escapes out of the solid, respectively (20) . In Eqs. (5) and (6), k 0 and k are the excitation and the emission wavelengths, respectively. For a thin layer in the same conditions, in the limit that no re-absorption takes place and every emitted photon escapes, c(k,k 0 ) = 1 and therefore P ij = 0 and Q i = 1, so that
However, quantum yields are difficult to evaluate in thin layers. A more suitable expression equivalent to Eq. (7) gives the emission spectrum as:
where I a is the photon flux absorbed by the layer. Equations (1) and (8) allow a straightforward determination of e DA from experimental data for optically thick and thin layers, respectively. In the first case the method applies if the fluorescence quantum yields of the donor and the acceptor are different. In the last case, e DA is obtained from the ratio of areas under the spectra of the individual components, which must be apportioned in a suitable way. The quantity p DA given in Eq. (2) can be interpreted as the probability that excitation of the donor is either radiatively or nonradiatively transferred to the acceptor. Accordingly, subtraction of the NRET efficiency e DA to p DA yields the radiative energy transfer (RET ) efficiency as
Finally, for a single dye D, Eq. (1) is reduced to
a result that has been obtained elsewhere (34) .
RESULTS

R101 chemically attached to cellulose
Samples of R101 chemically linked to cellulose were prepared in the same conditions as described in Materials and Methods, the only variable being the mass of DCC added to the reaction medium. Figure 1 shows their remission functions, calculated on grounds of diffuse reflectances at the absorption maximum (589 ± 2) nm, as a function of the mass of DCC. The relative large errors arise as a result of the measurement of diffuse reflectances with and without filter and the calculation of true reflectances by the method outlined in Materials and Methods. In Fig. 2 , normalized remission function spectra, to which a small absorption by the support was subtracted, are shown together with the corresponding emission spectra taken on thin layers. For comparison, spectra of a sample prepared by adsorption with 1.46 · 10 )7 mol dye (g cellulose) )1 are also shown.
As it may be seen from Fig. 1 , the concentration of attached R101 reaches a plateau as the mass of DCC increases in spite of the existence of large amounts of free dye. According to the preparation method 1 · 10 )5 mol R101 (g cellulose) )1 were used, but as it will be shown in what follows, dye incorporation is around 6 · 10 )7 mol g )1 for the most concentrated sample. Though in all experiments the same amount of cellulose was used, the limiting factor is most probably the surface available when pyridine is used as the reaction medium. Dye penetration is a function of the ability of the solvent to disrupt the cellulose structure by swelling (33, 35) , which is lower for pyridine than for ethanol or water (see Discussion). Normalized remission function spectra in Fig. 2 do not depend on the concentration of R101, and therefore no evidence on dye aggregation is found. They have the same shape as the spectrum of the sample prepared by adsorption. However, their maximum is shifted (10 ± 2) nm to the red. Emission spectra also agree in shape and are also red-shifted. For the most dilute sample, the emission maximum appears at (612 ± 1) nm, while the maximum for the most concentrated sample is 7 nm further red-shifted. An increase in the Stokes shift as the concentration of the sample increases is a typical occurrence on supported dyes at high local concentration (23) .
The bathochromic shift with respect to R101 absorbed on the same support can be explained considering the linkage to cellulose. On esterification, the charge of the rhodamine carboxyl group is lost, while adsorbed R101 seems to remain in the zwitterionic state. A similar effect has been observed on esterification or protonation of several rhodamine dyes in solution (36, 37) and was attributed to the difference in electrostatic interactions between the )COO ) or the )COOR group and the xanthenic p-system. In the ester or acidic forms, a weaker interaction enhances the electronic density at the xanthene central carbon, shifting the spectrum to lower energies. Similar shifts are expected, as observed here, on emission spectra.
Spectral shifts, together with the larger dye incorporation as the mass of DCC increases and the uniform shape of remission function spectra, which in turn may be taken as a sign of sample purity, constitute strong evidences toward dye attachment. However, in order to be sure detachment experiments were carried out as pointed out in Materials and Methods. Detachment was negligible with pure ethanol after 5 h at room temperature, while in basic conditions, spectroscopic analysis of the filtrate revealed the destruction of the chromophore. In acidic medium, though detachment was only partial, the spectrum of the zwitterionic dye was recovered after neutralization. In contrast, detachment with pure ethanol in the same conditions as before was almost complete for adsorbed R101.
To obtain an estimation of the concentration of attached R101, remission function maxima were compared with those of samples obtained by adsorption in this work and in Ref. (33) . A concentration of (4.0 ± 1.2) · 10 )7 mol g )1 was obtained for the most concentrated sample, which may be scaled down for the rest of the samples following the curve in Fig. 1 . Accordingly, a concentration of around 6 · 10 )7 mol (g cellulose) )1 is in accordance with the above estimations.
Thick layer emission spectra were also obtained and corrected for re-absorption by division by c(k,k 0 ) as given in Eq. (6) . The comparison of thin and thick layer spectra is given in Fig. 3 for one of the samples. Identical results were obtained for the other samples (not shown). The very good agreement achieved upon division by c(k,k 0 ) demonstrates that the correction procedure is appropriate and thin layers show negligible re-absorption.
Observed fluorescence quantum yields, U obs , were calculated according to (21) and are shown in Fig. 4 together with true quantum yields, U calculated through Eq. (10) for the last sample in Fig. 1 . For comparison with R101-MB mixed samples, this will be named in what follows as S0. A clear effect of fluorescence re-absorption is noticed, as observed quantum yields are much smaller than the true value, which may be estimated from the figure as U = 0.80 ± 0.03. Considering the four most concentrated samples, the uncertainty range extends to ± 0.07, but the mean value remains as before (results not shown). This value may be compared with U F = 0.60-0.90 obtained for R101 adsorbed on cellulose from ethanol (33) . Quantum yields increase as the dye penetrates by swelling into the polymeric matrix. It may be concluded from these results that, although pyridine is not as good as ethanol as a swelling solvent, the attached dye penetrates somewhat into the polymeric structure because of the long reaction time. 
MB adsorbed on cellulose
Photophysical properties of MB adsorbed on cellulose were characterized in a previous paper (23) . MB monomers show an absorption maximum at (674 ± 1) nm and a shoulder around 625 nm, while dimers have their maximum at (614 ± 1) nm together with a less intense band centered at (689 ± 1) nm. MB has a strong tendency to form H-type dimers on cellulose with an apparent dimerization constant K d = (2.25 ± 0.5) · 10 6 g mol ) 1 . Monomer emission shifts from 689 to 697 nm as the concentration of MB increases up to 1 · 10 )6 mol g )1 . A true fluorescence quantum yield at infinite dilution, F = 0.18 ± 0.03, was obtained in that study.
MB adsorbed on R101 attached to cellulose
Samples containing the same amount of attached R101 and different amounts of adsorbed MB were prepared (see Table 1 ). Diffuse reflectance spectra were measured for optically thick layers and true reflectance spectra were calculated. Normalized remission function spectra are shown in Fig. 5 . There is a little uncertainty around 615-625 nm arising from the calculation method (see Materials and Methods). The main absorption band is located at (589 ± 2) nm as for attached R101 and a second band appears at (672 ± 2) nm as the concentration of MB increases. The remission function at the main maximum (not shown) lies within values quoted for the most concentrated sample in Fig. 1 . When spectra are reconstructed on grounds of the measured remission function spectra for the pure dyes using a linear regression procedure (38) an excellent agreement is found (see Fig. 5 ). Furthermore, as shown in the inset the remission function at 672 nm, where R101 does not absorb, depends linearly on the concentration of MB. These results show that no heteroaggregates are formed and the absorption spectra of attached R101 and adsorbed MB monomers do not change substantially in mixed samples. Moreover, no evidence on MB aggregation is observed within the whole concentration range, while pure MB would be strongly aggregated in the same conditions. A similar effect found previously by co-adsorption of MB and pheophorbide-a (23) has been ascribed to a decrease in micropolarity due to the presence of the noncharged hydrophobic co-adsorbate. Furthermore, in that case some change in the relative amplitudes of the absorption bands of monomeric MB were found. In spite of the very good agreement between experimental and calculated spectra, a similar change may be hidden in the present case by the very strong absorption of R101 at 589 nm. The reasons for the inhibition of aggregation of MB by R101 are not clear enough because both dyes are polar and positively charged, as R101 loses its negative charge by esterification.
Thin and thick layer fluorescence spectra, shown in Fig. 6 , were obtained at an excitation wavelength of 520 nm, where absorption of MB is negligible. It has to be noticed that, while for thick layers the areas under the emission spectra are proportional to the observed overall fluorescence quantum yield, for thin layers only the relative amplitude of fluorescence bands within each spectrum can be obtained; for that reason, thin layer spectra shown in Fig. 6a are normalized. For thin layers, a shoulder appears on the high wavelength side of the R101 emission centered at (619 ± 2) nm, evolving into a distinct emission band at around 692 nm as the concentration of MB increases. Emission spectra can be decomposed into separate R101 and MB components (not shown) taking into account that the emission of MB shifts to longer wavelengths as its concentration increases. From these results it may be concluded that (1) exciplex formation can in principle be disregarded, (2) re-absorption effects are negligible on thin layers, and (3) a clear evidence on NRET between R101 and MB exists. For thick layers, the new emission grows at the expense of the main band, peaking at about 710 nm at the highest MB concentration, while the main band shifts from nearly 635 nm for S0 to about 620 nm for SIV. At the same time, a strong decrease of the area below the fluorescence spectrum is observed. As a result of these observations it follows that (4) both bands are affected by a strong re-absorption and (5) the observed overall fluorescence quantum yield decreases as the concentration of MB increases.
Thick layer emission spectra corrected for inner filter effects through division by c(k, k 0 ) are compared with thin layer spectra for one sample in Fig. 7 . The relative amplitudes do not match at the highest MB concentration due to the effect of RET. However, the coincidence among maxima within each band can be taken as a sign of the appropriateness of the correction procedure.
Observed overall fluorescence quantum yields, calculated for thick layers between 500 and 600 nm according to the procedure already described in Materials and Methods, are shown in Fig. 8 . They are wavelength dependent and decrease as the concentration of MB increases because of the combined effect of RET and NRET, considering that the fluorescence quantum yield of MB is lower than that of R101. Quadratic fits stress simply the wavelength dependence and have no special meaning.
NRET efficiencies calculated for thick layers using Eqs.
(1) to (6) from the observed fluorescence quantum yields given in Fig. 8 at excitation wavelengths between 520 and 600 nm are represented in Fig. 9 . Within this excitation wavelength range, nearly constant values are obtained for each sample and their average values, together with their uncertainties, are summarized in Table 1 . It must be realized, however, that experimental error may be somewhat larger particularly at the lowest acceptor concentrations, for which fluorescence quantum yields are similar to those found for pure R101. NRET efficiencies calculated by Eq. (8) using thin layer emission data upon excitation at 520 nm are also shown in Table 1 . NRET efficiencies for thin and thick layers agree quite well with the exception of the most dilute sample. Similar discrepancies were found for pheophorbide-a and MB co-adsorbed on cellulose (23) and can be attributed to the large errors involved, as stated above for thick layers, and the small differences between pure donor and mixed sample emission spectra for thin layers (see Fig. 6a ) at the lowest acceptor concentrations. NRET efficiencies are represented as a function of the acceptor concentration in Fig. 10 . RET efficiencies for thick layers were wavelength/nm calculated using Eq. (9). They depend naturally on wavelength, spanning the range shown in Table 1 .
DISCUSSION
R101 was attached to cellulose at relatively low concentrations, though a large excess of free dye remained in solution, and a plateau was reached on increasing the esterification reagent (DCC) concentration. Incorporation was performed from pyridine, a solvent with low swelling capacity for cellulose. However, though MB was incorporated from ethanol, a protic solvent with good swelling capacity, both dyes were shown to coexist into the same region of the cellulose matrix. That this is the case is shown by the strong effect of R101 on the aggregation behavior of MB and by the attainment of very high NRET efficiencies, in the order of 60% for sample SIV. These results were unexpected on grounds of the electrostatic repulsion between both dyes. It should be noticed that chemical attachment was performed during a much longer time than MB adsorption.
As mixed samples do not show any evidence on self or heteroaggregation and exciplex formation, the existence of strong short range interactions between R101 and ⁄ or MB molecules can be excluded in principle. Moreover, remission function spectra of the individual dyes in the mixtures are coincident with those found for pure samples. Instead, longer range interactions are evidenced by the concentration dependent Stokes shift noticed for both R101 and MB. Assuming a random distribution of dye molecules on the cellulose surface, the mean distance among each donor molecule and acceptor molecules is in the order of 11 nm for the most concentrated sample (assuming a surface area of 60 m 2 g )1 ). Accordingly, Fo¨rster singlet-singlet energy transfer can be assumed as the prevailing quenching mechanism.
The spectral overlap between R101 and MB was enhanced with respect to solution because the emission (and the absorption) maximum of the first dye was shifted to the red by esterification. This fact was taken as evidence of chemical linkage, as the same behavior is found for the protonated rhodamine. The emission of chemically linked rhodamine, peaking at nearly 620 nm (see Fig. 2 ), overlaps well with the secondary absorption maximum of MB at about the same wavelength and the long R101 emission tail extending itself beyond 700 nm overlaps with the main MB absorption maximum at 674 nm. Fo¨rster radii, R 0 , were estimated from remission function data. However, as remission functions, which depend on the scattering coefficient, are only proportional to absorption coefficients, R101 and MB spectra on cellulose were scaled taking into account their spectra in ethanol. For that sake, the areas under the remission function spectrum were made respectively equal to the areas below their absorption spectra in ethanol. This is equivalent to consider that the respective oscillator strengths do not change on attachment, though the spectral maxima and widths are different. For R101 the absorption coefficient of the protonated form was used. For the calculation, an orientational factor j 2 = 0.476 (randomly distributed orientations fixed in time) was used and the refraction index of glycerol (n = 1.47) was considered as representative of the cellulose microenvironment. R 0 = 58.5 Å was obtained for the donor-acceptor and 55.2 Å for the donor-donor overlap. Back energy transfer is not taken into account because spectral overlap in the reverse sense can be neglected.
True fluorescence quantum yields were U = 0.80 ± 0.07 for all pure R101 samples. This result is in agreement with previous measurements for adsorbed R101 , showing that chemical linkage has no influence on these values. Observed quantum yields, below 0.6 for S0, are drastically reduced on addition of MB (see Fig. 8 ). This reduction was used to calculate energy transfer efficiencies for thick samples, as shown in Figs. 9 and 10 and Table 1. In Fig. 10 results are fitted according to Fo¨rster theory in the absence of diffusion using expressions developed by Fung and Stryer (39):
where s D is the donor excited state lifetime in the absence of the acceptor, R 0 is the Fo¨rster critical radius for donor-acceptor energy transfer and r is the surface (2D) or the volumetric (3D) acceptor concentration. Accordingly, the volume element is expressed as f(r)dr = 2prdr (2D) or 4pr 2 dr (3D). As was pointed out in an earlier work (23), the standard BET method based on N 2 adsorption yielded (2.5 ± 1) m 2 g
for the cellulose surface area, while a moisture sorption method yielded (132 ± 3) m 2 g
. Accordingly, surface or volumetric concentrations cannot be calculated, as site availability depends on the penetration of the dye by swelling in each particular solvent. Considering the surface area as a fitting parameter for a two-dimensional system, a value of 60 m 2 g )1 is obtained. The corresponding Fo¨rster plot is also shown in Fig. 10 . Calculations for a three-dimensional system yielded, after fitting to the experimental data, almost undistinguishable results. In fact, the dimensionality of the system cannot be deduced unless the available surface area is known. In a similar system, a fractal dimension was obtained (40) .
As it may be observed from describes better the observed behavior within the studied concentration range. A possible source of these departures is energy migration among donor molecules. The effect should be noticeable at lower acceptor concentrations because the energy diffusion length would be larger in this case. Energy migration is possible according to the magnitude of the donor-donor spectral overlap. Similar results were found for pheophorbide adsorbed on microcrystalline cellulose, where energy migration with subsequent energy trapping by dye aggregates was proposed to account for the concentration quenching of luminescence and non-exponential fluorescence decays (40) . Kulak and Bojarski (28, 29) modeled energy migration and transfer among dye molecules in solution at high concentrations. In the absence of back energy transfer, migration increases the forward NRET efficiency. However, this effect takes place at donor volumetric concentrations higher than 10 )3 M at an acceptor concentration of 5 · 10 )4 M. At these concentrations, average intermolecular distances among donors are lower than 12 nm and the average distance among each donor molecule and acceptor molecules is 15 nm. In the present case, considering a surface area of 60 m 2 g
, these results correspond to a donor surface concentration larger than 7 · 10 )7 mol g )1 , a value in the order of the estimated R101 concentration, and an acceptor concentration of 4.5 · 10 )7 mol g )1
. At this concentration no departures are observed (see Fig. 10 ) but they might take place at lower acceptor concentrations, as it is observed. A definite answer on this respect is out of the scope of the present work. It would require theoretical calculations in the actual conditions, once the dimensionality of the system is known. Further experiments at larger donor concentrations, not available in this work, should also be performed.
